Several components of noncanonical Wnt signaling pathways are involved in the control of convergence and extension (CE) movements during zebrafish and Xenopus gastrulation. However, the complexity of these pathways and the wide patterns of expression and activity displayed by some of their components immediately suggest additional morphogenetic roles beyond the control of CE. Here we show that the key modular intracellular mediator Dishevelled, through a specific activation of RhoA GTPase, controls the process of convergence of endoderm and organ precursors toward the embryonic midline in the zebrafish embryo. We also show that three Wnt noncanonical ligands wnt4a, silberblick/wnt11, and wnt11-related regulate this process by acting in a largely redundant way. The same ligands are also required, nonredundantly, to control specific aspects of CE that involve interaction of Dishevelled with mediators different from that of RhoA GTPase. Overall, our results uncover a late, previously unexpected role of noncanonical Wnt signaling in the control of midline assembly of organ precursors during vertebrate embryo development.
During embryonic development in vertebrates, precursor cells of many organs initially appear as bilateral populations of cells that subsequently migrate toward the embryonic midline, where they assemble to form the primitive organs. For example, myocardial precursors appear bilaterally in the anterior lateral plate mesoderm and migrate toward the midline, where they assemble to form a primitive heart tube in all vertebrates analyzed so far (for review, see Stainier 2001) . Similar events determine the formation of primitive foregut structures including duodenum, liver, and pancreas (Warga and Nusslein-Volhard 1999; Ober et al. 2004 ). In the case of heart tube assembly, genetic screens in zebrafish have identified eight mutations that disrupt this process, resulting in the formation of two laterally positioned hearts (a phenotype known as cardia bifida; Chen et al. 1996; Stainier et al. 1996) . Analyses of these mutations have pinpointed several requirements for heart tube assembly (for review, see Stainier 2001) : (1) correct differentiation and morphogenesis of myocardial precursors, since mutations that impair myocardial differentiation (faust and hands off) or epithelial polarity of myocardial precursors (natter) are associated with cardia bifida phenotypes (Reiter et al. 1999; Yelon et al. 2000; Trinh and Stainier 2004) ; (2) correct endoderm specification, since mutant embryos that lack endoderm (bonnie and clyde, casanova, faust, and one-eye pinhead) also display cardia bifida (Schier et al. 1997; Alexander et al. 1999; Reiter et al. 1999; Kikuchi et al. 2000) ; and (3) a still unclear mechanism that disrupts intrinsic properties of myocardial migration, affected in miles apart mutant embryos, in which myocardial differentiation and endoderm specification are otherwise normal (Kupperman et al. 2000) . Endodermal cells also migrate toward the midline to form the primitive foregut tube and associated organs, including liver and pancreas (Warga and Nusslein-Volhard 1999; Ober et al. 2004) , indicating that the anterior endoderm undergoes morphogenetic events comparable to the movements of myocardial precursors. The molecular mechanisms that regulate this process, however, remain largely unexplored.
During vertebrate development, signaling initiated by ligands of the Wnt family instructs a wide array of cell behavior changes and morphogenetic events that contribute to specify, position, and shape a variety of organs, tissues, and structures (for review, see Peifer and Polakis 2000) . In most of the instances characterized to date, Wnt ligands signal through the stabilization of ␤-catenin, via a specific intracellular signaling pathway known as the canonical Wnt pathway. More recently, several ␤-catenin-independent Wnt signaling pathways, known as noncanonical (nc), have been shown to be critical for different aspects of vertebrate embryo development, including convergence and extension (CE) movements during gastrulation and cardiogenesis (for review, see Veeman et al. 2003) . Specifically, multiple genetic evidences underscore an important role of the nc-Wnt pathways in regulating CE movements during zebrafish embryo gastrulation. For example, mutations in zebrafish genes encoding Wnt ligands known to activate nc-Wnt pathways, such as pipetail (ppt/wnt5) and silberblick (slb/wnt11), result in defects in CE movements (Rauch et al. 1997; Heisenberg et al. 2000) . In addition, mutations of knypek (kny) and trilobite (tri) genes (encoding two positive regulators of nc-Wnt signaling: a member of the glypican family of heparan sulfate proteoglycans and the transmembrane protein Strabismus/Van Gogh, respectively), result in stronger defects in CE movements than those of ppt/wnt5 and slb/wnt11 mutants (Topczewski et al. 2001; Jessen et al. 2002) . Interestingly, tri mutants display additional phenotypic defects not present in ppt/wnt5 and slb/wnt11 mutants, such as defects in neuronal movements (Jessen et al. 2002) , suggesting the possibility that partially redundant nc-Wnt signaling plays important roles during zebrafish embryo development, beyond the regulation of CE movements during gastrulation. This idea is also supported by the fact that components of the nc-Wnt signaling pathway are still expressed in late vertebrate embryos after gastrulation (Ungar et al. 1995; Topczewski et al. 2001) .
Here, we use several strategies to investigate additional roles of the nc-Wnt signaling pathways beyond the control of CE movements during zebrafish embryo development and uncover a requirement of these pathways for the correct migration of heart and endodermal precursors toward the midline. Specifically, we identify wnt4, slb/wnt11, and wnt11-related (wnt11r) as the ligands that, by activating a nc-Wnt/Dishevelled/RhoA signaling pathway, regulate both CE movements and midline convergence of organ precursors. Furthermore, genetic and experimental evidence support the notion that defective endoderm morphogenesis is associated with defects in heart tube assembly. Our results reveal a novel regulatory mechanism, in which convergence of organ primordia to the midline requires a combined, redundant action of multiple Wnt ligands through the Dishevelled-RhoA branch of the nc-Wnt pathway.
Results

Noncanonical Wnt signaling controls midline convergence of heart primordia in zebrafish
Binding of specific Wnt ligands of the so-called Wnt5a-class to their cognate Frizzled receptors leads to activation of the multifunctional intracellular modular mediator Dishevelled (Dvl) (Wharton 2003) . Dvl then can transduce the signal through a wide array of downstream effectors that include Ca 2+ /CamKII, JNK, and the Rho GTPase family members RhoA, Rac1, and Cdc42 (Li et al. 1999; Habas et al. 2001 Habas et al. , 2003 Sheldahl et al. 2003) . Thus, an experimental strategy to inhibit the activities of nc-Wnt pathways is to block key intracellular signal transducers. In Drosophila, Xenopus, and mammalian cultured cells, a truncation mutant of Dvl (Dvl⌬DEP), which lacks the DEP domain, has been shown to act as a dominant-negative form of nc-Wnt signaling (Axelrod et al. 1998; Tada and Smith 2000; Wallingford et al. 2000; Habas et al. 2001) . Thus, we decided to use Dvl⌬DEP to investigate the roles of nc-Wnt signaling in zebrafish development. To confirm that Dvl⌬DEP effectively inhibits nc-Wnt signaling in zebrafish embryos, we first tested the effect of injecting mRNA encoding Dvl⌬DEP into one-cell stage zebrafish embryos on the progression of CE movements during gastrulation, known to be controlled by nc-Wnt signaling (for review, see Veeman et al. 2003) . Upon injection of 150 pg of Dvl⌬DEP mRNA, gastrulation defects were evident by 10 h post-fertilization (hpf), as has been reported for slb/wnt11 mutants (Heisenberg et al. 2000) . At this stage, the notochord of the injected embryos was short and wide, and the polster had not reached the anterior edge of the neural plate (Fig.  1B,BЈ) . Transplantation experiments of FITC-labeled mesoendodermal cells clearly showed that CE movements were impaired in the embryos injected with 150 pg of Dvl⌬DEP (Fig. 1E,H) , when compared to control embryos (Fig. 1D,G) . These results indicate that Dvl⌬DEP inhibits nc-Wnt signaling in zebrafish embryos, as reported in other experimental systems (Axelrod et al. 1998; Tada and Smith 2000; Wallingford et al. 2000; Habas et al. 2001) , and further confirm the requirements of Dvl-mediated nc-Wnt signaling for CE movements during zebrafish gastrulation. To investigate possible later roles of nc-Wnt signaling, we allowed embryos injected with 150 pg of Dvl⌬DEP to develop further, and observed multiple defects consistent with alterations in CE movements, including short anteroposterior (A/P) axis, microcephaly, and microphthalmia ( Fig. 1K ; see also Heisenberg et al. 2000) . We also found additional developmental defects, the most obvious of these defects being the presence of pericardial edema and cardia bifida in about 50% of the embryos injected with 150 pg of Dvl⌬DEP ( Fig.  1K,N ; Table 1 ). Time-lapse imaging of myocardial migration clearly showed that cardia bifida phenotypes induced by Dvl⌬DEP injection result from the defective migration of myocardial precursors toward the midline (see below; Supplementary Movie 1B). Interestingly, injection of a lower amount of Dvl⌬DEP (30 pg) altered CE movements during gastrulation only slightly, as evaluated by the absence of gross morphological defects (Fig.  1C,L) , or by the ability of transplanted FITC-labeled cells to correctly migrate during gastrulation (n = 12; Fig.  1F,I ). Notably, a high percentage of embryos injected with 30 pg of Dvl⌬DEP displayed cardia bifida in the absence of noticeable alterations of the A/P axis ( Fig.  1L ,O; Table 1 ; Supplementary Movie 2). The fact that both actions could be separated by lowering the dose of injected Dvl⌬DEP argues strongly against cardia bifida being a defect secondary to alterations in CE movements during gastrulation. Rather, our data indicate that ncWnt signaling plays distinct, sequential roles for the control of CE movements and heart tube assembly, which require different thresholds of Dvl activity.
Noncanonical Wnt signaling controls midline convergence of heart primordia through Dvl-mediated activation of RhoA GTPase
A number of intracellular effectors have been shown to transduce Dvl-mediated nc-Wnt signaling including Ca 2+ /PKC/CamKII, JNK, RhoA, Rac1, and Cdc42 pathways (for reviews, see Veeman et al. 2003; Wharton 2003) . Therefore, we next investigated whether downregulation of any of these intracellular effectors could mimic the alterations induced by Dvl⌬DEP injection in the zebrafish embryo. Although varying degrees of morphological alterations compatible with altered CE movements (short A/P axis, microcephaly, and/or microphthalmia) were obtained in embryos injected with kinasedead CamKII (KD-CamKII), kinase-dead JNK (KD-JNK), dominant-negative forms of Rac1 (RacN17), or Cdc42 (Cdc42N17), or treated with the PKC inhibitor bisindolylmalmeimide I, none of these treatments resulted in cardia bifida ( Fig. 1P-S ; Table 1 ), except for a small number of embryos injected with RacN17 (Table 1) . Conversely, injection of a dominant-negative form of RhoA (RhoN19; Qiu et al. 1995) into zebrafish embryos caused alterations indistinguishable from those observed in embryos injected with Dvl⌬DEP, including a high frequency of cardia bifida ( Fig. 1T,U ; Table 1 ). Thus, injection of 50 pg of RhoN19 resulted in both CE defects and cardia bifida phenotypes ( Fig. 1T ; Table 1 ), whereas injection of lower amounts of RhoN19 (25 pg) resulted in cardia bifida in the absence of noticeable A/P axis defects ( Fig. 1U ; Table 1 ). These results indicate that RhoA GTPase, like Dvl, transduces signals that regulate both CE movements and heart tube assembly, and strongly suggest that the process of heart tube assembly is more sensitive than CE to experimental interference with Dvl/RhoA function.
We further verified the specificity of these loss-offunction studies with gain-of-function analyses. For this purpose, we analyzed the ability of constitutively active forms of the different Rho family GTPases to rescue the alterations induced by Dvl⌬DEP injection. Indeed, coinjection of Dvl⌬DEP with a constitutively active form of RhoA (RhoV14; Ridley and Hall 1992) prevented the appearance of cardia bifida in ∼75% of injected embryos (13% vs. 50% cardia bifida in mock-rescue experiments), but could not rescue the defects in CE movements (Table  1) . On the other hand, neither coinjection of active form of RacV12 nor Cdc42V12 with Dvl⌬DEP could rescue the cardia bifida phenotype or CE defects induced by Dvl⌬DEP (47% and 48%, respectively; Table 1 ). Our results so far indicate that Dvl-mediated nc-Wnt signaling regulates both CE movements and heart tube assembly through different downstream mediators of Dvl. Thus, CE movements during gastrulation are controlled by a wider subset of mediators of nc-Wnt signaling, including RhoA, Rac1, and Cdc42. In contrast, convergence of heart primordia about the midline is specifically regulated by Dvl-mediated activation of RhoA (hereafter referred to as nc-Wnt/Dvl/RhoA pathway).
Negative regulation of canonical Wnt/␤-catenin signaling has been reported to be critical for proper heart development in chick and Xenopus embryos (Marvin et al. 2001; Schneider and Mercola 2001) . It also has been reported that nc-Wnt signaling antagonizes the canonical Wnt/␤-catenin signaling pathway in some experimental settings (Topol et al. 2003; Westfall et al. 2003) . Therefore, it is possible that nc-Wnt signaling through Dvl/RhoA may somehow inhibit canonical Wnt/␤-catenin signaling in heart tube assembly. To test this possibility, we injected mRNA encoding Axin, a known antagonist of ␤-catenin-dependent Wnt signaling (for review, see Peifer and Polakis 2000) , into zebrafish embryos and analyzed its effects on heart tube assembly. We did not detect cardia bifida phenotypes in embryos injected with Axin in our experimental setting ( Table 1) , indicating that the function of nc-Wnt signaling in this process is unlikely to involve antagonism of canonical Wnt signaling. wnt4a, slb/wnt11, and wnt11r are expressed in mesoendoderm and midline structures during zebrafish heart morphogenesis Since down-regulation of nc-Wnt signaling with Dvl⌬DEP resulted in defects in midline convergence of heart primordia, and since this phenotype has not been described in zebrafish mutants of Wnt ligands that signal through Dvl-mediated nc-Wnt pathways, such as slb (Heisenberg et al. 2000) or ppt (Rauch et al. 1997) , nor in double mutants of slb/ppt (Kilian et al. 2003) , we reasoned that either the Wnt ligand involved in the process of midline convergence is not represented in the mutagenesis screens conducted so far or that several Wnt ligands act redundantly to regulate this process. To identify such a ligand(s), we undertook a search for Wntrelated genes expressed in zebrafish embryos during the relevant developmental window (14-18 hpf) by using a RT-PCR-based cloning approach (Gavin et al. 1990 ). We isolated several Wnt and Wnt-related genes including wnt1 (Krauss et al. 1992) , wnt3a (Buckles et al. 2004) , wnt4a (Ungar et al. 1995) , ppt/wnt5 (Rauch et al. 1997) , wnt8b , wnt10a (Kelly et al. 1993) , slb/wnt11 (Heisenberg et al. 2000) , and wnt11r, and selected those more likely to activate nc-Wnt signaling for further study. Analyses of the expression patterns of these candidates in zebrafish embryos from 12 to 24 hpf by in situ hybridization revealed that ppt/wnt5 expression is restricted to the posterior mesoendoderm and tailbud (data not shown; see also Rauch et al. 1997; Kilian et al. 2003) , while wnt4a, slb/wnt11, and wnt11r show spatial and temporal patterns of expression compatible with a role during heart tube assembly (Fig. 2) . Thus, wnt4a, slb/wnt11, and wnt11r transcripts are expressed in neural ectoderm and mesoendoderm at 12 hpf ( Fig. 2A,D ,G,J,M,P; see also Ungar et al. 1995) . After 12 hpf, wnt4a expression is restricted to the forebrain, floorplate, and neural tube, as well as to the anterior lateral plate mesoderm by 16 hpf (Fig. 2B,E) . At 24 hpf, wnt4a transcripts appear mainly localized to neuroectodermderived structures (Fig. 2C,F) . The expression of slb/wnt11 overlaps with that of wnt4a in paraxial mesoendoderm at 12 hpf (Fig. 2 , cf. J and D), although it becomes restricted to the notochord at 16 hpf ( Fig. 2K ) and to the developing somites and otic placodes at 24 hpf (Fig. 2I,L) . The expression pattern of wnt11r overlaps that of wnt4a in the floorplate at 16 hpf and 24 hpf (Fig. 2, cf . N,O,Q,R and B,C,E,F), and with that of slb/wnt11 in the developing somites at 24 hpf (Fig. 2 , cf. R and L). Interestingly, wnt11r transcripts are also expressed in the heart tube at 24 hpf (Fig. 2O) . These results indicate that the three Wnt ligands identified in our screen display expression patterns that partially overlap with each other, and suggest that their functions may be redundant. wnt4a, slb/wnt11, and wnt11r are all required for midline convergence of heart primordia To investigate the endogenous roles of wnt4a, slb/wnt11, and wnt11r during zebrafish embryo development, we knocked down their function by means of morpholino antisense oligonucleotides (MO). slb/wnt11-MO phenocopied the alterations in A/P axis and eye development Supplementary  Fig. S1 ), which have been attributed to defects in CE movements during gastrulation (Heisenberg et al. 2000) . Consistent with the weak expression of wnt4a and wnt11r during gastrulation (below the detection limits of in situ hybridization, but readily detectable by RT-PCR analysis; data not shown), both wnt4a-MO and wnt11r-MO, when injected separately, resulted in weak alterations in CE movements (Table 2 ; see also Supplementary Fig. S1 ), indicating that both wnt4a and wnt11r are required for proper control of CE movements. Despite inducing alterations in CE movements, knockdown of individual Wnt ligands (wnt4a, slb/wnt11, or wnt11r) did not result in defects in heart tube assembly (Table 2 ; Supplementary Fig. S1 ), indicating that none of the candidate Wnt ligands is solely responsible for controlling the migration of heart primordia toward the midline.
Therefore, we reasoned that the regulation of heart tube assembly by Wnt/Dvl/RhoA could be initiated by the redundant action of two or more of these Wnt ligands. To test this possibility, we injected combinations of MO against wnt4a, slb/wnt11, and wnt11r. Double knockdown experiments of wnt4a plus wnt11r or either wnt4a or wnt11r plus slb/wnt11 typically resulted in CE defects much more severe than those induced by knockdown of individual Wnt ligands ( Fig. 3A-D ; see also Supplementary Fig. S1 ), confirming that wnt4a, slb/wnt11, and wnt11r play specific, nonredundant roles in the regulation of CE movements. Cardia bifida phenotypes were obtained in double knockdown experiments, but at extremely low frequencies (Table 2 ). In contrast, triple MO knockdown for wnt4a, slb/wnt11, and wnt11r, although not inducing significantly more severe CE defects (Fig. 3,  cf. E and B-D) , did result in a high incidence of cardia bifida phenotypes (almost one-third of injected embryos; Fig. 3O ; Table 2 ). This confirms that a combined, redundant action of these three ligands controls the midline migration of heart primordia in zebrafish.
The specificity of alterations in heart tube assembly induced by combined knockdown of wnt4a, slb/wnt11, and wnt11r was assayed in rescue experiments using mRNA encoding each of the three ligands, a mutant form of Dvl that activates nc-Wnt signaling (Dvl⌬N; Habas et al. 2001), or constitutively active RhoA. All of these manipulations significantly reduced the frequency of cardia bifida phenotypes, while failing to rescue the CE defects (Table 2) . Our results identify a branching of the nc-Wnt pathway, downstream of Dvl, that controls CE movements and heart tube assembly (see Discussion). Additionally, our results from MO experiments identify the Wnt ligands that control heart tube assembly, and uncover a combined, redundant role for wnt4a, slb/wnt11, and wnt11r to activate RhoA in this process.
Noncanonical Wnt/Dvl/RhoA is required for the migration of myocardial precursors, but not for their specification
Next, we investigated the cellular mechanisms responsible for the regulation of heart tube assembly by nc-Wnt/Dvl/RhoA signaling. Alterations in the convergence of heart primordia toward the midline have been found to depend on a failure of myocardial migration (for review, see Stainier 2001) , defects in the specification of myocardial cell fate (Reiter et al. 1999; Yelon et al. 2000) , the epithelial organization of the myocardial precursors (Trinh and Stainier 2004) , or the differentiation of endoderm precursors (Schier et al. 1997; Alexander et al. 1999; Reiter et al. 1999; Kikuchi et al. 2000) . Therefore, we began analyzing the dynamics of the defects in the migration of myocardial precursors caused by downregulation of the Dvl/RhoA branch of the nc-Wnt pathway. For this purpose, we carried out time-lapse analyses of myocardial cell movements in control embryos or in embryos injected with Dvl⌬DEP or with dominant-negative RhoA. In control embryos, myocardial precursor cells were evidently bilateral at 14 hpf and progressively migrated toward the midline, where they formed a simple ring by 20 hpf (n = 8; Fig. 4A-C ; Supplementary Movie 1A). However, myocardial precursors failed to migrate toward the midline in the embryos injected with either Dvl⌬DEP (n = 16; Fig. 4D-F ; Supplementary Movie 1B) or dominant-negative RhoA (n = 12; data not shown), confirming that the Dvl/RhoA branch of the nc-Wnt pathway is required for myocardial migration to- ward the midline, and that the defect in heart tube assembly results from the failure of the migration of these precursors.
To investigate whether the myocardial migration defects were a consequence of altered specification of myocardial precursors, we analyzed by in situ hybridization the expression levels of early and late markers of myocardial specification in embryos injected with Dvl⌬DEP, dominant-negative RhoA, or triple MOs against wnt4a, slb/wnt11, and wnt11r. Neither early (nkx2.5, gata4, or faust/gata5) nor late (mlc2a) markers of myocardial precursors displayed significant changes in the expression levels in embryos injected with Dvl⌬DEP ( Fig. 4H,L ; data not shown), dominant-negative RhoA (Fig. 4J,M ; data not shown), or a combination of MO against wnt4a, slb/wnt11, and wnt11r (data not shown), even though heart primordia failed to fuse under these experimental conditions. These results indicate that specification of myocardial cell fate proceeds normally after down-regulation of the Dvl/RhoA branch of the nc-Wnt pathway.
Noncanonical Wnt/Dvl/RhoA signaling is required for the migration of endoderm precursors toward the midline
Since migration of myocardial precursors toward the midline has been proposed to depend on endoderm specification (for review, see Stainier 2001), we next investigated whether the defects in heart tube assembly induced by down-regulation of nc-Wnt/Dvl/RhoA signaling depended on endoderm specification. Unexpectedly, we found that expression of endoderm markers such as gata4 and faust/gata5 was detected bilaterally after down-regulation of Dvl/RhoA signaling ( Fig. 4L,M ; data not shown), as was the case for heart precursors. To gain further insights into the nature of endoderm alterations induced by down-regulation of Wnt/Dvl/RhoA signaling, we analyzed late points of endoderm morphogenesis by in situ hybridization for foxA3 (general marker of endoderm derivatives), ceruloplasmin (cp) and prox1 (markers of liver fate), and insulin and pdx-1 (markers of pancreas differentiation) in 48 hpf control embryos or embryos injected with Dvl⌬DEP, dominantnegative RhoA, or a combination of MO against wnt4a, slb/wnt11, and wnt11r ( Fig. 5; Supplementary Table S1 ). Either manipulation of the nc-Wnt pathway resulted in failure to fuse the anterior gut tube, giving rise to a Yshaped tube (Fig. 5B,C ; data not shown). Associated with this Y-shaped gut tube, liver and pancreas buds were formed bilaterally, indicating that the defects in midline convergence of endoderm affected foregut-derived structures rather than those of mid-or hindgut (Fig. 5E,F , H,I,N; data not shown). Furthermore, these defects could be rescued by coinjection of constitutively active RhoA with Dvl⌬DEP (20% vs. 56% in mock rescue experiments, n = 120 and 86, respectively). Thus, our data reveal that the Dvl/RhoA pathway activated by several Wnt ligands controls midline convergence of multiple organ primordia including the heart, gut, liver, and pancreas. Recently, a similar phenotype of failure to converge anterior endoderm structures was reported while studying the role of vascular endothelial growth factor C (Vegfc) in vascular development in the zebrafish (Ober et al. 2004) . In this case, down-regulation of Vegfc function affected endoderm morphogenesis by reducing dorsal endoderm specification and by impairing foregut tube assembly. It is unlikely that the defect in anterior endoderm convergence is due to the defect in endoderm specification, for squint mutant embryos, in which formation of endoderm is also reduced, do not display alterations in foregut assembly (Ober et al. 2004 ). However, the fact that Vegfc down-regulation altered both processes does not allow for their clear separation. To investigate whether a defect in endoderm specification might be at the base of the foregut tube assembly defects induced by down-regulation of nc-Wnt/Dvl/RhoA signaling, we first analyzed the early steps of endoderm specification. In zebrafish embryos, faust/gata5 is expressed before other endoderm markers such as foxA2 or gata4, and is considered to be one of the earliest markers of endoderm fate determination (Reiter et al. 2001 ). Analyses of the expression of gata5 in control and treated embryos at 9 hpf could not detect differences in either the levels of expression or the distribution of gata5-expressing cells (Fig.  5 , cf. O and P), indicating that early endoderm specification is not altered after antagonism of the Dvl/RhoA pathway. Next, we investigated whether endodermal cells, though properly specified, displayed midline migration defects upon down-regulation of nc-Wnt/Dvl/ RhoA signaling. In control embryos, foxA2 is expressed by migrating endodermal cells, almost reaching the anterior midline by 16 hpf (Fig. 5Q) ; however, in embryos injected with either Dvl⌬DEP or dominant-negative RhoA, a high number of foxA2-positive anterior endoderm cells failed to coalesce in the midline (Fig. 5R) . Similar results were obtained when analyzing the migration toward the midline of endoderm cells expressing pdx-1 (Fig. 5T,V) or nkx2.3 (marker of pharyngeal endoderm) (Lee et al. 1996 ; Fig. 5X ). These results clearly indicate that anterior endoderm migration toward the midline, but not specification of endoderm precursors, is defective in embryos in which nc-Wnt/Dvl/RhoA signaling has been inhibited. Together with our results from myocardial migration analyses, our data uncover a mechanism by which nc-Wnt signaling, intracellularly transduced by the RhoA branch of Dvl-mediated signaling pathways, controls the convergence toward the midline of both endoderm-and mesoderm-derived organ primordia, without affecting the specification of progenitors for either structure. When put in the context of additional evidence from genetic zebrafish mutants, we propose that the general control of organ primordia morphogenesis by nc-Wnt signaling is most likely to be directly regulated at the level of endoderm migration (see Discussion).
Discussion
Many unpaired organs of the vertebrate body plan, such as the heart, gut tube, liver, and pancreas, develop as bilateral primordia that later during embryogenesis migrate and fuse about the embryo midline. Here we show that, in the zebrafish, this process is regulated by multiple redundant Wnt ligands that signal through noncanonical (␤-catenin-independent) pathways.
The Dvl/RhoA branch of noncanonical Wnt signaling regulates midline convergence of myocardial precursors
In zebrafish and Xenopus embryos, several components of the nc-Wnt signaling pathway have been implicated in CE movements during gastrulation (for reviews, see Wallingford et al. 2002; Veeman et al. 2003) . In this study, we further confirm the requirements of several intracellular mediators of nc-Wnt signaling, including RhoA, Rac1, Cdc42, and JNK, for CE movements in zebrafish embryos ( Fig. 1; Table 1 ; see also Bakkers et al. 2004) , consistent with results from Xenopus (Habas et al. 2001 (Habas et al. , 2003 Yamanaka et al. 2002) . Our results also identify wnt4a and wnt11r as novel regulators of CE movements ( Fig. 3; Table 2 ; see Supplementary Fig. S1 ). Interestingly, combined down-regulation of wnt4a and wnt11r, or of either wnt4a or wnt11r and slb/wnt11, results in stronger CE defects than those elicited by manipulation of individual ligands ( Fig. 3 ; see Supplementary Fig. S1 ), indicating the existence of nonredundant regulatory roles of multiple nc-Wnt signaling pathways for the initiation and/or progression of CE movements during gastrulation. In contrast to the regulation of CE movements, we find a combined, redundant action of three Wnt ligands (wnt4a, slb/wnt11, and wnt11r) on midline convergence of organ precursors through the Dvl/RhoA branch of nc-Wnt signaling. Thus, relatively low levels of constitutively active RhoA efficiently rescues defects in midline convergence of organ precursors, but not the defects in CE movements, induced by injection of Dvl⌬DEP or of a combination of MO against wnt4a, slb/wnt11, and wnt11r (Tables 1, 2 ). These results reveal a splitting of the nc-Wnt pathway downstream of Dvl; the Dvl/RhoA branch of this pathway is critically required for the control of midline convergence (which appears to be very sensitive to interference with Dvl/RhoA activity), whereas a wider subset of mediators downstream of Dvl appears to mediate the control of CE movements.
Since our results demonstrate that nc-Wnt signaling regulates both CE movements and midline convergence of organ precursors in the zebrafish embryos, it is formally possible that the alterations in the midline convergence induced by down-regulation of nc-Wnt/Dvl/ RhoA signaling were secondary to earlier defects in CE movements. Two main lines of evidence argue against this possibility: (1) Down-regulation of noncanonical Wnt signaling in ppt/wnt5, slb/wnt11, kny, or tri mutants, in crosses among them (Rauch et al. 1997; Heisenberg et al. 2000; Topczewski et al. 2001; Jessen et al. 2002) , or by knocking down ppt/wnt5 , slb/wnt11 ; this report), wnt4a, or wnt11r (this report), result in varying degrees of defects in CE movements, but are not associated with alterations of heart tube assembly. (2) Conversely, injection of low doses of Dvl⌬DEP or dominant-negative RhoA induce cardia bifida in the absence of significant alterations in CE movements during gastrulation (Fig. 1) .
Furthermore, our data in the zebrafish uncover an evolutionarily conserved regulatory mechanism consistent with the fact that inhibition of Rho kinases (downstream effectors of RhoA) in whole-embryo culture in chick and mouse leads to a cardia bifida phenotype (Wei et al. 2001) . Taken together, our results in the zebrafish are consistent with a general role of noncanonical Wnt signaling controlling cell behavior, rather than cell fate (Veeman et al. 2003) .
Noncanonical Wnt/Dvl/RhoA signaling controls foregut tube assembly As was the case for heart tube assembly, our results demonstrate that nc-Wnt/Dvl/RhoA signaling specifically regulates endoderm migration toward the midline without affecting cell fate determination. Thus, our results provide an entry point to analyze the phenomenon of foregut tube assembly. Indeed, understanding the molecular and cellular mechanisms of foregut assembly has far-reaching implications that extend to human disease. For instance, the incidence of pancreas divisum in the general population is estimated between 5% and 10%, the vast majority of cases being of type I, or total failure of fusion (Quest and Lombard 2000) . Less prevalent are a number of congenital malformations collectively known as alimentary tract duplications, with an estimated prevalence of 1:4,500 (Michalsky and Besner 2004) . Typically, these alterations are diagnosed in early infancy and require extensive surgery, with an associated mortality around 10% (Carachi and Azmy 2002) . Unfortunately, the absence of suitable animal models for these developmental alterations has contributed to our lack of knowledge about their pathogenesis, which remains obscure (Michalsky and Besner 2004) . The possibility of experimentally manipulating the convergence of anterior endoderm in the zebrafish embryo provides new tools for understanding how this process is regulated during normal development, and how some of these congenital alterations may occur. In this respect, our data uncover a key regulatory mechanism for this process that may be of relevance for diagnostic and/or therapeutic applications.
From a basic research viewpoint, our results also provide novel insights into the relationships between endoderm and heart morphogenesis. It has been proposed that myocardial morphogenesis and endoderm specification are intimately related and, according to a long-held view, mechanistically linked (for review, see Stainier 2001) . This hypothesis is supported by the existence of myocardial migration defects in a variety of zebrafish mutants with impaired endoderm formation (Schier et al. 1997; Alexander et al. 1999; Reiter et al. 1999; Kikuchi et al. 2000) , by experimental results in the chick embryo, where surgical removal of anterior endoderm leads to failure of heart tube assembly (Withington et al. 2001) , and by the fact that some alterations in heart tube assembly can be rescued by transplantation of wild-type endodermal cells into mutant zebrafish (David and Rosa 2001) or mouse embryos (Narita et al. 1997 ). It is debatable, however, whether the endoderm acts as a substrate for myocardial migration, it provides an instructive signal for heart tube assembly, or both.
In this respect, our studies are particularly helpful, inasmuch as we identify a novel regulatory mechanism of heart and foregut tube assembly by nc-Wnt signaling that depends on neither myocardial nor endoderm specification. Together with previous analyses of zebrafish mutants that lack endoderm (Schier et al. 1997; Alexander et al. 1999; Reiter et al. 1999; Kikuchi et al. 2000) , our results provide strong support for a scenario in which heart tube assembly requires the presence of a contacting layer of anterior endoderm at the midline, and suggest that the primary role of nc-Wnt/Dvl/RhoA signaling in this process is the control of anterior endoderm migration. This scenario is supported by several lines of evidence: (1) Heart tube assembly does not occur in mutants with absolute absence of endoderm (Schier et al. 1997; Alexander et al. 1999; Reiter et al. 1999; Kikuchi et al. 2000 ; see also Supplementary Fig. S2 ). (2) The migration of anterior endoderm precursors does not depend on heart tube assembly, since miles apart mutant embryos (Kupperman et al. 2000) , which display cardia bifida, show normal anterior endoderm morphogenesis (Supplementary Fig. S2 ). (3) In control zebrafish embryos, the migration of endoderm precursors toward the midline precedes that of heart primordia (cf. Figs. 5Q and 4A-C,G). (4) After down-regulation of nc-Wnt/Dvl/RhoA signaling, the failure in midline convergence of endoderm precursors precedes the defect in myocardial migration and is restricted to the anterior domain (Fig. 5T,V,X) . (5) Both defects are highly correlated after our experimental manipulations of nc-Wnt/Dvl/RhoA signaling (95%, n = 86, and 94%, n = 70, of cardia bifida phenotypes are associated to failure of anterior endoderm convergence in embryos injected with Dvl⌬DEP or RhoN19, respectively). (6) The alterations in endoderm migration in-duced by down-regulation of Vegfc function (Ober et al. 2004 ) are frequently associated with a cardia bifida phenotype (E. Ober and D.Y.R. Stainier, pers. commun.) .
In this study, we demonstrate that nc-Wnt signaling regulates complex cell migration events that determine not only the initial layout of the three embryonic germ layers during gastrulation, but also specific morphogenetic processes such as the midline migration of heart and foregut precursors. We show that regulation of endoderm morphogenesis depends on redundant activation of nc-Wnt signaling transduced by the small GTPase RhoA. These results allowed us to provide new insights into the mechanistic relationships of endoderm and myocardial morphogenesis. Similarly, a detailed dissection of the requirements of different nc-Wnt pathways for CE movements during gastrulation will undoubtedly further our understanding of earlier steps of vertebrate embryo development.
Materials and methods
Fish lines and whole-mount in situ hybridization
Wild-type (AB), mlc2a-eGFP (Raya et al. 2003) , carp-eGFP (Raya et al. 2003) , oepϻmlc2a-eGFP [tz257/+ϻmlc2a/mlc2a], milϻmlc2a-eGFP [te273/+ϻmlc2a/mlc2a] were used for this work. Whole-mount in situ hybridization was performed as described (Ng et al. 2002) . The cDNA fragments for distal-less 3 (dlx3), hatching gland 1 (hgg1), no tail (ntl), nkx2.3, nkx2.5, mlc2a, gata4, gata5, foxA2, foxA3, ceruloplasmin (cp) , prox1, insulin, and pdx-1 were utilized for the antisense probes.
Constructs, morpholinos, and injection
pCS2+ vectors carrying cDNA fragments encoding alkaline phosphatase (AP), Dvl⌬DEP, Axin, Kinase dead-CamKII (K42M) RhoN19, RhoV14, RacN17, RacV12, Cdc42N17, Cdc42V12, and kinase dead-JNK (T183A, Y185F) were used in this study. mRNAs were synthesized using the SP6 mMessage mMachine System (Ambion). Capped mRNAs were injected into one-cell stage embryos as described (Ng et al. 2002) .
Morpholinos
Antisense morpholino oligonucleotides against wnt4a, wnt11, and wnt11r were designed to inhibit RNA translation, and were obtained from Gene Tools. The sequences were as follows: Control-MO, 5Ј-CCTCTTACCTCAGTTACAATTTATA-3Ј; wnt4-MO, 5Ј-CTCCGATGACATCTTTAGTGGAATC-3Ј; wnt4(2)-MO, 5Ј-AGCTAAGTAAAGGTTGCTGGTGTAA-3Ј wnt11-MO, 5Ј-GTTCCTGTATTCTGTCATGTCGCTC-3Ј; wnt11r-MO, 5Ј-AGGGAAGGTTCGCTTCATGCTGTAC-3Ј; and wnt11r(2)-MO, 5Ј-AAGATCCAGAAGACACTGATGCAGG-3Ј.
The efficacy of all MOs was tested in vivo by coinjecting mRNA encoding their cognate Wnt-eGFP fusion protein ( Supplementary Fig. S1 ).
Cell transplantations
Donor embryos were injected with FITC-dextran along with control AP or Dvl⌬DEP mRNA. At the shield stage, 10-20 donor mesoendodermal cells at the lateral marginal zone were transplanted into the same region of the same type of recipient embryos. Chimeric embryos were mounted into 1.5% methylcellulose, and pictures were taken at shield stage and bud stage with a Zeiss Stemi SV11 Apo microscope and OPENLAB software.
Cloning of zebrafish wnt genes
PCR amplification was performed using degenerate primers as described previously (Gavin et al. 1990 ), using polyA-tailed cDNA of 14-18 hpf zebrafish embryos as template. The amplified PCR fragments were cloned into pCR-II (Invitrogen), and their sequences verified by nucleotide sequencing. We identified eight different Wnt-related genes from their sequence information.
Time-lapse imaging
carp-eGFP transgenic zebrafish embryos were injected with AP, Dvl⌬DEP, or RhoN19 RNA and were allowed to develop until 14 hpf. These embryos were mounted into 1% low-melt agarose. Time-lapse image acquisition was performed with a Leica DMIRE2 microscope and OPENLAB software.
